Fourier transforming near infrared (FT-NIR) and mid infrared (FT-MIR) spectroscopies combined with multivariate curve resolution alternating least squares (MCR-ALS) and partial least squares (PLS) regression were utilized to identify and quantify residual vegetable oil adulteration in commercial diesel. In addition, physiochemical methods following ASTM standards were performed for comparison in identifying diesel adulteration. In total, 16 commercial diesel samples containing 8% biodiesel and 10 mg sulfur/kg (named S10B8) were prepared with the addition of residual vegetable oil (1-60%) and were analyzed by FT-NIR and FT-MIR spectroscopies. The physical-chemical properties analyzed were atmospheric distillation, flash point, kinematic viscosity and specific mass tests. Only the distillation curve was able to identify the adulteration. A paired t-test and an F-test were performed for the MCR-NIR, MCR-MIR, PLS-NIR and PLS-MIR models. Through the results, it can be stated that all the models used in this work are valid for a 95% confidence level. Furthermore, no statistical difference was observed between the estimated concentrations of adulterant and the reference values. In this work, MCR-ALS was applied as a spectral decomposition tool as a new approach to identify the adulterant profile on biodiesel/diesel blends, followed by its quantification. MCR-ALS was able to recover the related pure spectral profile of the fuels and adulterant, and to accurately predict the concentration of frying oil in biodiesel/ diesel samples.
Introduction
In Brazil, the prevalent commercialized fuel is a blend of diesel with (8.0 ± 0.5) (%v/v) biodiesel [1, 2] . These blends are usually subject to adulteration with the addition of cheaper raw materials such as kerosene [3, 4] , alcohol, solvents, vegetable oils [5, 6] and waste cooking oil [7] . The illegal addition of cooked vegetable oil to diesel is one of the most usual adulterations due to its good miscibility and availability as a residual material [8] . The presence of adulterants in the fuel can cause financial losses, problems to the engine performance and environmental impact associated with corrosion, thereby increasing fuel consumption as well as emissions of particulate material and exhaust gases [9, 10] .
The quality of Brazilian commercial diesel is assessed by the use of different physicochemical parameters in accordance with resolution No. 30 of the National Agency of Petroleum Natural Gas and Biofuels (ANP) in the Fuel Quality Monitoring Program (PMQC), employing methodologies determined by ASTM International standards [11] [12] [13] [18] are some of the physicochemical parameters used to monitor the quality of diesel and ensure appropriate burning in the engines [11, 19] .
However, these analyses are time-consuming and require relatively high cost equipment. They also generate polluting emissions and residues; furthermore, these parameters are not sufficient to establish if an adulteration has occurred [2] . So, it is important to develop reliable analytical methods to evaluate the presence of contaminants in diesel fuel blends with the use of low cost instrumentation [19] .
When associated with chemometric methods, vibrational spectroscopy (IR, NIR and Raman) has proven to be a powerful tool in analyzing fuel blends [2, 20, 21] . These spectroscopy analysis methods are non-destructive, present good accuracy and precision, and can be used in remote quality control [2, 22] , in addition to being faster than the usual ASTM methods.
Several chemometric methods have been applied to spectral data for diesel blends analysis. Multivariate calibration methods such as Multivariate Linear Regression (MLR) [23] , Partial Least Squares (PLS) regression [5, 9, 24] , Support Vector Machines (SVM) [25] , and Artificial Neural Networks (ANN) [26] have been used to extract information from NIR and FTIR spectra and for obtaining quality parameters of this fuel [27] . Most studies report the use of these spectroscopic methods in conjunction with chemometric models to quantify biodiesel content in diesel. A few of these papers present the quantification of adulterants in biodiesel/diesel blends with infrared spectroscopy [1, 2, 5, 9, 24, [28] [29] [30] [31] [32] , mainly using the PLS as a chemometric tool, but the identification of pure adulterant is not possible.
Some papers on biodiesel/diesel quality parameters are found in literature using multivariate exploratory analysis and calibration methods, but only a few used multivariate resolution techniques such as multivariate curve resolution with alternating least squares (MCR-ALS) [27, 33, 34] . MCR-ALS decomposes a data set of multivariate mixed measurements in a bilinear model of pure component contributions, extracting a pure spectra of the sample constituents and related concentration profiles from the information contained in raw measured spectra [35, 36] . MCR-ALS has been proven to be efficient in solving and providing relative determination of complex processes and mixtures [35] such as liquid chromatography with diode array detection for exploration, resolution and quantification of multicomponent systems [37] ; EEM fluorescence data to determine cholesterol [38] ; and NIR and UV-Vis for determining interesting compounds in biodiesel blends [27] . According to our research in specialized literature, MCR-ALS was not used with infrared spectroscopy in any work in this area. Recently, only one paper reported its application in the study of fuel adulteration, using Raman to extract the spectral data from the samples [39] . In this study Multivariate Curve Resolution (MCR) with alternating least squares (ALS) was used as a new approach, and optimization in conjunction with FT-NIR and FT-MIR spectroscopies for identifying and quantifying biodiesel/diesel blend (S10B8) adulteration by vegetable frying oil. In addition, MCR-ALS enabled the recovery of spectral profiles from the pure components of the blends, separating and identifying the contaminating substance, providing further investigation of the adulteration process. PLS regression was used as a comparative method to this new methodology for quantifying the adulterant, but it is not able to extract the spectral profile of the contaminant in the mixture.
Material and methods

Material
Samples of diesel S10 (diesel sample with 10 mg sulfur/kg) from the Potiguar Clara Camarão Refinery (RPCC) in Rio Grande do NorteBrazil, were used in this work for analysis. A set of 16 different blends containing 8% (v/v) of soybean oil and animal fat biodiesel mixture (also from RPCC) in diesel were prepared to produce diesel S10B8. Samples of waste soybean frying oil were collected after its use in domestic food frying processes and an adulteration process of diesel/ biodiesel mixtures was used. The samples and the contaminated mixtures were stored in appropriate polyethylene bottles, sealed and kept at room temperature until testing. ν: axial deformation; δ: angular deformation; angular deformation in-plane; s: symmetric; as: asymmetric. * The frying oil and biodiesel samples showed the same main bands for FT-MIR and FT-NIR spectral data.
